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ABSTRACT 



A method of providing sub-half-micron copper interconnec- 
tions with improved electromigration and corrosion resis- 
tance. The method includes double damascene using elec- 
troplated copper, where the seed layer is deposited by 
chemical vapor deposition, or by physical vapor deposition 
in a layer less than about 800 angstroms. 
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SUB-QUARTER-MICRON COPPER 
INTERCONNECTIONS WITH IMPROVED 
ELECTROMIGRATION RESISTANCE AND 

REDUCED DEFECT SENSITIVirY 

This is a continuation Ser. No. 08/947,277 filed on Oct. 
8, 1997, now U.S. Pat. No. 6,069,068. 

BACKGROUND OF THE INVENTION 
This patent application is a Continuation-In-Part of U.S. 
patent application Ser No. 08/866,777 entitled "COPPER 
INTERCONNECTIONS WITH ENHANCED ELEC- 
TROMIGRATION RESISTANCE AND REDUCED 
DEFECT SENSITIVITY AND METHOD OF FORMING 
SAME" filed May 30, 1997, now U.S. Pat. No, 6,130,161. 

1. Field of the Invention 

The present invention relates to the field of semiconductor 
manufacturing and, more specifically, to the design of cop- 
per based interconnections in sub-micron dimensions with 
reduced sensitivity for corrosion and defects, and thereby, 
with improved reliability. The invention also relates to 
providing methods for forming the designed structure. 

2. Description of Related Art 

As device geometry continues to scale down for Ultra 
Large Scale Integrated circuits, there is a growing demand 
for an interconnect wiring with minimum pitch and high 
conductivity, and, for a passivation material with a low 
dielectric constant, while requiring a more robust reUability 
than ever before. In particular, in the regime of sub-quarter 
micron line width, the factors of paramount importance are 
high electrical conductivity and high clectromigration resis- 
tance. 

One approach has been to use copper metallurgy, for its 
high conductivity and high clectromigration resistance, 
along with polyimide passivation for low cross capacitance. 
A process utilizing this approach is disclosed by Luther et al. 
in VLSI Multilevel Interconnection Conference (VMIC), 
pp. 15-21, 1993. Further process improvement, using a 
double damascene method to simultaneously form copper 
interconnection lines and inter-level via-studs, is taught by 
Dalai et al. in U.S. Pat. No. 5,434,451, of common assignee 
with the present application. Damascene methods involve 
filling of narrow trenches or narrow holes or a combination 
of both. It is well known in the art that the use of Physical 
Vapor Deposition (PVD) methods such as sputtering or 
evaporation to fiU such narrow holes and trenches is not 
suitable because a highly tapered cross section of the filled 
metal lines or studs is formed. Joshi et al. in U.S. Pat. No. 
5,300,813, also of common assignee with the present 
application, teaches using PVD methods to deposit the high 
conductivity metal followed by Chemical Vapor Deposition 
(CVD) of a tungsten cap layer to fill up the top part of the 
tapered cross section. This capping process results in sub- 
stantial reduction in cross-sectional area of copper conductor 
because of the tapered cross-section. Also, because the 
capping metal is deposited along with the conductor metal, 
shts of conductor metal are exposed along the conductor 
edges in the finished product. Further, during the chemical- 
mechanical polishing step in this capping process, the hard 
metal particles removed by polishing tend to abrade the 
metal line. Therefore, conformal deposition methods such as 
CVD or electroplating are required for copper deposition. 

However, it has been found that CVD copper suffers from 
limited shelf life of the highly complex precursors required. 
A more serious problem with CVD copper is the contami- 
nation of manufacturing Line by vapors of copper precursor, 
which poison the semiconductor devices. 
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Copper deposition by electroplating has been in use for 
Printed Circuit Board (PCB) for decades. Because of its low 
cost, low deposition temperature and its ability to confor- 
mally coat narrow openings, electroplating is a preferred 

S method of deposition in copper interconnections. It should 
be understood that electroplating of copper requires a copper 
seed layer on the substrate. Invariably, a PVD method has 
been used to deposit copper for seed layer. However, it has 
been found that PVD deposited copper has ten times lower 

10 electromigration resistance, as compared to electroplated 
copper; and three times lower electromigration resistance, as 
compared to CVD copper. Because the copper seed layer 
may form up to 20% of the cross-sectional area of an 
interconnect line, this seed layer seriously hampers the 

15 electromigration characteristic of copper interconnection. 
Whereas the electromigration resistance of copper is high 
enough to sustain the wear-out in normally designed con- 
ductor lines, defect-induced electromigration failures have 
been observed in the PVD seed layer/electroplated copper 

20 conductor lines. Because of the high conductivity of copper, 
line defects such as conductor line width or thickness, when 
thinned down to a couple of hundred angstroms, are able to 
pass undetected through the electrical screen tests. 
Understandably, current density in these regions is consid- 

25 erably high during actual use, thereby causing early field 
fails due to electromigration. 

Another major problem in using a PVD method for seed 
layer arises when interconnection lines are of sub-quarter- 
micron dimensions. Here, even a thin seed layer deposited 

30 by PVD technique, considerably narrows down the opening 
as mentioned above. This results in a hollow shelled line. 

CVD copper deposition techniques present problems, for 
example, contamination of the manufacturing line by vapors 
of copper precursor, thereby poisoning the semiconductor 
devices. The greater the thickness of CVD deposited copper, 
the greater is the propensity for line contamination. 

Co-deposition of various elements with copper for high 
temperature application or for improving the mechanical 
strength is taught by Thomas in U.S. Pat. No. 5,414,301; by 
Shapiro et al in U.S. Pat. No. 4,007,039; Akutsu et al. in 
U.S. Pat. No. 4,872,048; and, by Woodford and Bricknell in 
U.S. Pat. No. 4,406,858. However, when copper is 
co-deposited with another element, the electrical resistivity 

^2 usually increases, which defies the very purpose of using 
copper in high performance systems. 

Yet another reliability concern in copper metallurgy is 
corrosion. This is described below with the help of illustra- 
tions in FIGS. 1 and la. FIG, 1 is part of a structure of the 

50 above described interconnect scheme of the prior art, show- 
ing two levels of metal interconnections, each level defined 
by a double damascene method. FIG. la is an enlarged view 
of cross-section of an interconnect; wherein, copper inter- 
connect line 9 on one level is shown making contact to lower 

55 level metal interconnect line 102 through via-stud 11. It 
should be understood that in a double damascene method the 
via stud 11 and the conductor line 102 arc an integral part of 
one another. The copper interconnect comprises an adhesive 
layer 5, an optional barrier layer 6; a PVD copper seed layer 

50 8; bulk copper layer 9 and 11, and an inorganic insulator 4 
atop polyimide insulator 3. 

It has been found that corrosion of copper lines generally 
takes place in association with the use of polyimide for 
interlevel insulation. This is because whenever polyimide is 

65 used for interlevel insulation its application usually involves 
addition of a thin layer of inorganic insulator 4. This thin 
layer of inorganic insulator is added either to act as an etch 
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stop, as taught in U.S. Pat. No. 4,789,648 to Chow et al., or 
to reduce polyimide debris formation during chemical- 
mechanical polishing, as taught by Joshi et al. in U.S. Pat. 
No. 5,403,779 (both patents assigned to the instant 
assignee). The deleterious effect of this inorganic insulator 
layer 4 is that it prevents escape of the residual moisture in 
the polyimide film. Consequently, vapor pressure builds up 
in polyimide film, which finds a path to the copper. As a 
result, copper oxides and hydroxides are formed. With time 
and temperature, these oxides and hydroxides ultimately 
result in formation of voids 13 (FIG. 1) in the copper 
conductor. These corrosion induced voids 13 are beheved to 
initiate from the top surface of the copper conductor for two 
reasons. One, hner layers 5 and 6 cover the bottom and sides 
of the conductor lines, but not the top surface. Second, 
junctions between the inorganic insulator layer 4 and the 
liner 5 and 6 on the conductor line side walls become 
disjointed during process temperature excursions, thereby 
providing a path for moisture to come in contact with 
copper. Joshi et al. U.S. Pat, No. 5,426,330, assigned to the 
instant assignee, teaches a method of providing a tungsten 
cap atop the copper conductor to prevent copper corrosion. 
As discussed earlier, this capping method forms undesirable 
metal debris during polishing, causing metal line abrasion. 
Thus, despite repeated efforts, and various schemes in the 
prior art, manufacturing problems due to defect sensitive 
electromigration failure and corrosion remain. Better meth- 
ods for making copper integrated circuit pattern with 
improved reliability and reduced defect sensitivity need to 
be developed. 

Bearing in mind the problems and deficiencies of the prior 
art, it is therefore an object of the present invention to 
provide a method for fabricating high performance inter- 
connection circuitry of sub-half-micron dimension with 
improved process yield and reliability. 

Another object of the present invention is to provide a 
high conductivity copper based metallurgy with low dielec- 
tric constant polyimide passivation. 

It is yet another object of the present invention to reduce 
defect sensitivity of copper interconnect metallurgy by 
improving its electromigration resistance. 

It is still another objective of the present invention to 
provide electroplated copper interconnection lines with 
reduced PVD copper seed layer thickness to improve the 
electromigration resistance of the interconnect line. 

It is a further object of the present invention to provide a 
method of metal capping copper lines which does not affect 
the metal line integrity. 

SUMMARY OF THE INVENTION 

The above and other objects, which will be apparent to 
those skilled in the art, are achieved in the present invention 
which relates to a method of providing in substrates sub- 
half-micron copper interconnections with improved elec- 
tromigration and corrosion resistance. The method may 
include a double damascene method using electroplated 
copper, where a reduced thickness PVD layer is employed, 
or where the PVD layer is replaced by a conlormal coating 
of CVD copper seed layer which has about three times 
higher electromigration resistance than that for the PVD 
deposited copper. In the present invention the seed layer may 
also be converted to an intermetallic layer, A layer of a 
copper intermetallic such as hafnium, lanthanum, zirconium, 
tin and titanium is provided to improve the electromigration 
resistance and to reduce defect sensitivity. A method is also 
provided to form a cap which fully covers the surface on top 
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of copper lines formed in the substrate to improve corrosion 
resistance. Structure and methods are also described to 
improve the electromigration and corrosion resistance by 
incorporating carbon atoms in copper interstitial positions. 

5 In one aspect, the present invention comprises a method 
for forming multilevel interconnections of copper Hnes 
isolated from one another by dielectric insulation for making 
contacts to electrical features in a substrate. The method 
comprising the steps of first preparing a substrate having a 
dielectric insulation layer to receive copper lines in a defined 
pattern and optionally depositing a metallic hner in the 
pattern. Subsequently there is deposited in the pattern a layer 
of a reduced thickness PVD copper, a layer of CVD copper, 
or a layer of an element capable of forming an intermetallic 
compound with copper, followed by one or more layers of 
copper. In the case where an intermetallic- forming element 
is deposited, the substrate is then heated to react the inter- 
metallic forming element with the copper layer to form a 
layer of intermetallic compound in the copper layer. The 
intermetallic forming element is preferably selected from the 

20 group consisting of hafnium, lanthanum, titanium, tin and 
zirconium. The intermetallic forming element layer may be 
deposited before the copper layer or a copper layer is 
deposited before the intermetaUic forming clement layer. 
Also, the intermetallic forming element layer may be depos- 

25 ited before the copper layer, and a further intermetaUic 
forming element layer may be deposited after the copper 
layer. 

The metallic liner, the layer of intermetallic forming 
element and the layer of copper may be deposited by 

30 common or separate deposition techniques selected from the 
group consisting of sputtering, evaporation and CVD. 
Preferably, the metalUc liner, the layer of intermetallic 
forming element and the layer of copper are in-situ depos- 
ited by sputtering in a single pump down, wherein the 

35 sputtering may be reactive sputtering, colhmated sputtering, 
magnetron sputtering, low pressure sputtering, ECR 
sputtering, ionized beam sputtering and any combination 
thereof. 

In a more preferred method, the present invention relates 

40 to a method of forming reliable multilevel interconnections 
of copper lines, at sub-micron pitch and isolated from one 
another by low dielectric insulation to make contacts to 
electrical features in a substrate. The method comprising the 
steps of initially depositing a pair of insulation layers on a 

45 substrate having an electrical feature, photolithographically 
defining a via-studs pattern on at least one of the insulation 
layers, partially etching the pair of insulation layers, photo- 
lithographically defining an interconnection line pattern on 
at least one of the insulation layers, and etching the insula- 

50 tion layers until the electrical feature is exposed; thereby, 
forming trenches and holes in the pair of insulators. 
Subsequently, there is deposited a liner metallurgy in the 
trenches and holes. A layer of an element capable of forming 
an intermetallic compound with copper is deposited, as well 

55 as one or more layers of copper to fill the holes and trenches. 
The copper is polished to remove excess metal outside of the 
trenches and the substrate is heated to react the intermetallic 
forming element with copper to form a layer of an interme- 
tallic compound with copper. 

60 One of the copper layers may be deposited by reactive 
sputtering of copper with a carbonaceous gas to incorporate 
carbon atoms within the lattice of deposited copper. 
Preferably, the thickness of the intermetallic forming ele- 
ment is between about 100 angstroms and 600 angstroms. 

65 The intermetallic layer may be formed beneath copper in the 
holes and trenches, within copper in the holes and trenches, 
or above copper in the holes and trenches. 
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In a related aspect, the preseat invention provides a 
substrate having interconnections of copper lines compris- 
ing a pair of insulation layers disposed on a substrate having 
an electrical feature, the insulation layers having etched 
via-stud patterns and etched interconnection line patterns 
forming holes and trenches in the pair of insulators. A 
metallic layer lines the trenches and holes, and copper fills 
the holes and trenches, with a portion of the copper includ- 
ing therein a region of a copper intermetallic compound. 

In another aspect, the present invention relates to a 
method of providing copper interconnections having 
improved clcctromigration and corrosion resistance on a 
substrate having trenches comprising the steps of healing the 
substrate in a vacuum tool, introducing a carbonaceous 
material, in gaseous form, into the vacuum, and depositing 
copper metal in the substrate trenches while simultaneously 
incorporating interstitial atoms into the copper lattice to 
form copper lines in the trenches. Preferably, the substrate is 
held at a temperature between 100-400° C. during the 
deposition and the carbonaceous material is a hydrocarbon 
having the formula or CJi^ and containing no oxygen, 
nitrogen or sulphur. 

In a related aspect, the invention provides a substrate 
having interconnections of copper Unes comprising a pair of 
insulation layers disposed on a substrate having an electrical 
feature, the insulation layers having etched via-stud patterns 
and etched interconnection line patterns forming holes and 
trenches in the pair of insulators, a metallic layer lining the 
trenches and holes, and copper filling the holes and trenches, 
the copper containing from about 0.1 to 15 ppm carbon. 

In a further aspect, the invention relates to a method of 
providing a protective cap on a substrate interconnection 
having a surface planar with surrounding insulation. The 
method comprises the steps of providing a substrate having 
an insulativc layer thereon, etched via-stud patterns and 
etched interconnection line patterns forming holes and 
trenches within the insulative layer, and copper metallurgy 
filling the holes and trenches to an upper surface of the 
insulative layer to form a substrate interconnection. Then the 
copper is polished to recess its surface below the surround- 
ing insulativc layer surface. There is subsequently deposited 
a layer of a material for a cap over the recessed copper to a 
level above the surrounding insulative layer surface. The 
substrate is then polished to remove the cap material from 
regions outside of the substrate interconnection and form a 
cap surface planar with the surrounding insulative layer 
surface. Preferably, the recess thickness is about 100 ang- 
stroms to 400 angstroms, and the material for the cap is 
selectively deposited and chosen from the group consisting 
of tungsten, tungsten-silicon, tungsten -nitrogen, hafnium, 
zirconium, tantalum, tantalum-nitride, titanium, tin, 
lanthanum, germanium, carbon, chromium, chromium- 
chromium oxide, tin, platinum, and, combinations thereof. 

In yet another aspect, the present invention provides a 
method for forming multilevel interconnections of copper 
lines isolated from one another by dielectric insulation for 
making contacts to electrical features in a substrate, the 
method comprising the steps of: 

(a) preparing a substrate having a dielectric insulation 
layer to receive copper lines in a defined pattern; 

(b) optionally depositing a metallic liner in the pattern; 

(c) subsequently depositing in the pattern either a chemi- 
cal vapor deposition layer of copper or a physical vapor 
deposition layer of copper having a thickness of less 
than about 800 angstroms; and 

(d) depositing over the chemical or physical vapor depo- 
sition copper layer, by a different process, a layer of 
copper to substantially fill the pattern. 
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The chemical vapor deposition copper layer may prefer- 
ably have a thickness of about 50 to 2000 angstroms, more 
preferably about 100 to 700 angstroms. The physical vapor 
deposition may be by copper sputtering or by copper 
evaporation, and preferably the physical vapor deposition 
copper layer has a thickness below about 600 angstroms. 

Prior to depositing the chemical or physical vapor depo- 
sition copper layer, the method may include the step of 
depositing in the pattern a layer of an element capable of 
forming an intermetallic compound with copper. Subsequent 
to depositing the layer of copper which substantially fills the 
pattern, the invention may include the step of heating the 
substrate to react the intermetallic forming element with the 
layer of copper which substantially fills the pattern to form 
a layer of intermetalUc compound. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features of the invention believed to be novel and the 
elements characteristic of the invention are set forth with 
particularity in the appended claims. The figures are for 
illustration purposes only and are not drawn to scale. The 
invention itself, however, both as to organization and 
method of operation, may best be understood by reference to 
the detailed description which follows taken in conjunction 
with the accompanying drawings in which: 

FIG. 1 is an elevational view of a portion of a multilevel 
copper interconnection of the prior art, made with the dual 
damascene method using electroplated copper and depicting 
metal corrosion and line defect caused in a normal process. 

FIG. la is an enlarged view of a portion of the intercon- 
nection of FIG. 1 showing various metal layers used in the 
prior art. 

FIG. 2 is an elevational view of a substrate prior to 
commencing the method of the present invention; wherein a 
layer of an organic dielectric insulator and a thin layer of 
another dielectric insulator are deposited and combined 
patterns of via -studs and interconnection lines are etched, in 
accordance with the teachings of double damascene methods 
of prior art, to expose the metal features below. 

FIG. 3 is an elevational view of various layers in an 
as-formed interconnection structure incorporatmg a copper 
intermetallic-forming composition of the present invention. 

FIG. 4 is an elevational view of the interconnection 
stmcture of FIG. 3 after the copper seed layer is converted 
into an intermetallic underlayer for the interconnection in 
accordance with the present invention. 

FIGS. 5a and Sb are elevational views of an alternate 
embodiment of the invention where the intermetallic layer is 
formed in the middle of the copper interconnection wherein 
FIG. Sa shows a small dimension via-stud and FIG. 5b 
shows a large dimension via-stud, 

FIGS. 6a, 6b, 6c, and 6d are elevational views of the 
stmcture formed as shown in FIG. 3, but with a thin layer of 
copper removed from the top surface to show the sequence 
of processing steps to form a cap layer in accordance with 
the present invention. 

FIG. 7 is an elevational view of various layers in an 
as-formed interconnection structure made with the use of a 
PVD or CVD copper seed layer in accordance with the 
present invention. 

FIG. 8 is an elevational view of the structure of FIG. 7 
after an electroplated layer of copper has been deposited 
over the seed layer and the wafer has been polished to 
remove excess metal. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT(S) 

In describing the preferred embodiment of the present 
invention, reference will be made herein to FIGS. 2-8 of the 
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drawings in which like numerals refer to like features of the having the structure of FIG. 2, there is deposited a thin layer 

invention. Features of the invention are not necessarily 5, typically 100 to 300 angstoaiiSIlRltk, of an adhesive and 

shown to scale in the drawings. contact metal, preferably QitaniUm/ tantalum, tantalum 

Referring to FIG. 2, there is shown a cioss-section of nitride, tantalum, chromium/tilngsfen, or any combination 

conventional silicon semiconductor structure comprised of a 5 of these layers. Thereafter there is deposited an optional 

silicon substrate 105 having thereon various device contact thermal diffusion barrier layer 6, typically 200 to 400 

studs (vias) 101 and local interconnects (lines) 102, typically angstroms thick, of material such as chromium-chromium 

tungsten with underlayers of titanium and titanium nitride oxide, tupg^-silicoo, tungsten-nitride, tungsten-nitride - 

(not shown) formed within insulator layers 106, 103, respec- sihco <Titanium-nitridi > tantalum or tantalum -nitride. Lay- 

tively. The use of a thin layer of an insulator to prevent the lO crs 5 and 6 are referred to as the liner metallurgy employed 

formation of metal spikes between vias and lines, e.g., due in the present invention. The contact metal may be, for 

to misahgnment, is disclosed in U.S. Pat. No. 6,133,139 example, titanium, tantalum or tantalum-nitride, for 

entitled "SELF-AUGNED COMPOSITE INSULATOR example. The barrier material may be titanium-nitride, 

WITH SUB-HALF MICRON MULTILEVEL HIGH DEN- titanium-oxy-nitride, tantalum, tantalum-nitride, chromium, 

SITY ELECTRICAL INTERCONNECTIONS AND PRO- 15 chromium/chromium-oxide, tungsten, tungsten-nitride, 

CESS THEREOF' filed on even date herewith. tungsten-silicon, or any combination among them. 

The method of the present invention forms reUable mul- The liner layers may be deposi ted by common or ser rate 

tilevel interconnections of copper lines, at sub-micron pitch, d eposition techniques such as s puttcrmg or evaporation , 

and isolated from one another by low dielectric insulation, Pfeterably, a sputtering technique is employed such as 

making contacu to electrical features in a substrate. The ^ reactive sputteri ng, collimated sputtering, magnetron 

substrate structure may be a semiconductor having a plu- s puttermg, l ov Tpressure sput tering, ECR sputtering, ionized 

rality of electronic devices, an organic circuit carrier, or a b fam sputtermg or any combination of the m. More 

ceramic circuit carrier. The local interconnects 102 are preferably, these aforementioned depositions of layers 5 and 

preferably formed by damascene methods of prior art, with 6 are carried out using collimated sputtering in a single 

the top surfaces of the local interconnects being substantially P™P down and using the technique for depositing reactive 

planar with the surface of surrounding insulator 103, typi- metals taught by Dalai and Lowney in U.S. Pat. No. 4,379, 

cally deposited boro-sihcate or phospho-silicate glass or 832, assigned to the assignee of the instant invention, the 

SiO^. Dielectric insulator layers 2, 3 and 4 are next deposited disclosure of which is hereby incorporated by reference. The 

to begin a process of forming high conductivity intercon- preferred deposition temperature is between about 120** C. 

nections. The pair of insulators may be deposited by ECR, ^^d 400** C. .....^ 

sputtering. Plasma Enhanced CVD, CVD, spin-coating or Following this optional layer 6, in a first embodimMit^pX 

any combination of these methods. For example, these the present invention there is deposited a thin la^i^er^T^^ 

insulators may be made of polyimide, silicon-nitride, preferably from about 100 to 600 angstroms thick, of an 

alumina, silicon-dioxide, phospho-silicate glass, yttrium element which is capable of forming an intermetallic com-"- 

oxide, magnesium oxide, aero-gel, or any combination of pound with copper. Such element may be selected from the ) 

these materials. ^group<:^sisting-of4wfriium,.hBjh^^ 

The choice of insulators and methods to incorporate them C^taniuna^^ there is deposited a thin copper seed 

in the fabrication of integrated circuits taught in co-pending laycr8rtypically 600 to 2000 angstroms thick. 

U.S. patent application Ser. No. 08/841,221 may be Layers 5-8 may be deposited by common or separate 

employed here, and the disclosure of this application is deposition techniques such as sputtering, evaporation or 

incorporated herein by reference. CVD. Preferably, a sputtering technique is employed such as 

A via-stud pattern is next defined atop insulator 4, for reactive sputtering, collimated sputtering, magnetron 
example, by a photolithographic process, followed by the sputtering, low pressure sputtering, ECR sputtering, ionized 
step of etching insulator 4 and partially etching insulator 3 45 beam sputtering or any combination of them. More 
with suitable etchants. The pattern for the high conductivity preferably, these aforementioned depositions of layers 5, 6, 
metal interconnection lines is next defined, again, for and 7 and 8 are carried out using collimated sputtering in a 
example, by a photolithographic process, followed by etch- single pump down and employing the technique for depos- 
ing remainder of insulator 3 and insulator 2 to form trenches iting reactive metals taught by Dalai and Lowney in U.S. 
12 and holes 13 to expose metal line 102. These steps are 5^ Pat. No. 4,379,832, assigned to the assignee of the instant 
initial process steps of the method known in the art as a invention, the disclosure of which is hereby incorporated by 
double damascene method and described in such pubhca- reference. The preferred deposition temperature is between 
tions as U.S. Pat. No. 5,434,451 to Dalai et al., assigned to 120'*-400** C. The copper seed layer may also intentionally 
the assignee of the instant apphcation, the disclosure of contain carbon in interstitial positions, for enhanced elec- 
which is hereby incorporated by reference, 55 tromigration resistance, and will be discussed further below. 

Next, liner materials and high conductivity metal of Following the copper seed layer 8, a remaining layer 9 of 

choice are deposited in accordance with the present copper is then electroplated to fill the trenches. Alternatively, 

invention, and polished by chemical-mechanical methods to layer 8 or 8 and 9 may be deposited by CVD methods. The 

remove excess metals, thereby simultaneously forming the substrate wafers are then poUshed by chemical-mechanical 

via-stud and interconnection metal hue patterns. The present go niethods to remove aU excess metals from unpattemed areas, 

invention is implemented at the point in the process where thereby, resulting the planarized structure shown in FIG. 3. 

the combined via-stud and interconnection line patterns are If intermetalhc forming metal layer 7 is used, the substrate 

etched in insulator layers 2, 3 and 4 to expose portions of w afers are next heated in a non-re"activelLt5rdspherc such as 

local interconnect 102. mtrogen to a temperature of about 250°-450** C. for 30 min. 

The interconnection of present invention is illustrated 65 to 2 hours. This causes the intermetallic forming layer 7 to 

beginning with FIG. 3 where only a portion of FIG. 2 is react with the copper layers to form a layer of copper 

shown for clarity. After in-situ sputter cleaning wafers intermetallic compound, 10 in FIG. 4. The copper interme- 
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tallic layer provides an improved electromigration resistance 
to the copper layers 8 and 9. The thickness of the interme- 
tallic forming metal is preferably selected so as to consume 
all of the copper s eed layer 8 ( FIG. 3) d im'n^ fnrmatinn of 
the in termetallic comp ound. Xtie intermetallic compounds 
formed inthe,£Q;^c3^r_by the presen tiiivenuon ma^ hc 
hafettrcff^upride (Hf2Q!), Ia nthanu g t.aui3ride (LaQi ^), eta- 
bronze (CugSns), /TttSnftSn "cupnde (TiCuWnd zirconium 
cu pride (S^C n)r ^ ' 

llie intermetallic layer may belTcomplete intermetallic or 
a combination of intermetallic and constituent metal layers. 
The choice of intermetallic forming element may be based 
on two criteria. F irst, the chosen element preferably has no, 
o r les s than 2 atomic percent, solubility m copper . Low 
^ubll tty is - im p ertan ras omerwisc the element will diffuse 
into copper and affect its electrical conductivity. Second, the 
element preferably forms a stable intermetallic with copper. 
In addition to the above mentioned elements, any other 
elements which meet these criteria may be employed as the 
copper intermetallic-forming element. 

The above process steps are repeated for definition and 
formation of interconnections on higher levels. It should be 
understood that one may choose to perform only one heat 
treatment, after the final level of interconnection is defined, 
to form the intermetallic; or, one may choose to repeat the 
heat treatment after each level of interconnection. 

In another embodiment of the present invention, the 
intermetallic layer is formed at the middle of the intercon- 
nection thickness, as shown in FIG. 5a for small dimension 
via studs, and in FIG. Sb for a wider via-stud. In this 
embodiment, intermetallic layer 7 is deposited after an 
initial layer of copper so as to form the intermetallic com- 
pound region away from the edges of the copper and toward 
the interior region. FIG. 5a shows the intermetallic region 10 
after heat treatment (where the intermetallic element layer 7 
was initially deposited) in a Y-shape in the interior of the 
copper layer 9. Also, more than one intermetallic region may 
be employed, as shown in FIG. Sb where two regions of 
intermetallic element 7 were deposited in the location where 
intermetallic compound regions 10a and Idb are shown, 
after heat treatment. 

In still another embodiment of the present invention, the 
intermetallic forming element is deposited on the top of the 
copper lines in the form of a cap. As shown in FIG. 6a, after 
forming the planarized structure of FIG. 3, a thin layer of 
copper, approximately 100 to 400 angstroms thick, is 
removed to recess its surface from the surrounding insula- 
tion surface. Removal may be by light chemical-mechanical 
polishing, mechanical polishing, or both, of the copper 
interconnect lines or via-studs to provide a planarized cap 
surface. 

As shown in FIG. 6b, a thin layer of an intermetallic 
forming element is next^&eleQtively deposited by the afore- 
mentioned me thodsQPVD^ electroplating, electroless 
plating, CVD, or by any combination of them) preferably 
after in-situ sputter cleaning of the wafer. Excess metal from 
outside the interconnect trench is then removed by chemical- 
mechanical polishing, or simply mechanical polishing, leav- 
ing the cap of intermetallic forming element atop copper 
lines at the same level as the surface of layer 4, as shown in 
FIG. 6c. The next step is to heat treat the wafers, as 
described above, to form intermetallic layer 7 at the top of 
the copper layer 9. In FIG. 6d there is shown the embodi- 
ment where the intermetallic layer or region is formed both 
at the bottom and at the top of the copper interconnection 
layer. 
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This method of forming an intermetallic cap layer has an 
advantage of fully covering the copper lines along the line 
edges, as opposed to leaving narrow sUls of copper exposed, 
as in methods where cap metal is deposited along with the 
S liner and copper. It should be understood that, whereas this 
method of forming a cap is described here with the objective 
of forming a cap of an intermetallic compound, the method 
is not hmitcd to such metals, but any desired metal, alloy or 
intermetallic compound may be used, such as tungsten, 
10 tungsten-silicon, tungsten-nitrogen, hafnium, zirconium, 
tantalum, tantalum-nitride, titanium, tin, lanthanum, 
germanium, carbon, chromium, chromium-chromium oxide, 
tin, platinum, or any combination among them. 

As such, the copper intermetallic layer is formed by 
15 selective deposition either at the bottom, in the middle, at the 
top of the copper line cross-section, or at any combination 
of these sites. The present invention provides a method to 
form in-situ a copper intermetallic layer at any or all of these 
regions to improve the electromigration resistance of copper 
20 interconnection lines. 

In order to incorporate carbon atoms within the deposited 
copper lattice, as discussed above the copper seed layer is 
preferably deposited in a vacuum tool along with intentional 
bleeding of a carbonaceous material, in gaseous form. The 
substrate is preferably held at a temperature from about 
100-400** C. The carbonaceous material is a hydrocarbon 
that does not contain oxygen, nitrogen or sulphur, such as 
those carbonaceous materials belonging to the or 
hydrocarbon groups. The carbonaceous material may be 
introduced into the vacuum tool in concentrated form, or in 
a diluted form usin^ an inert carrier _g as. Preferably, the 
vacuum tool is a sputtering or an evaporation tool, and the 
partial pressure of the carbonaceous material is from about 
lO-'' to 10-^ Torr. 

More preferred parameters of such deposition process are 
initially pumping down the substrate to a pressure of 10"^ 
Torr, bleeding in acetylene gas at a pressure of 10"^ Torr 
using an automatic pressure control, an d subseq uently intra, 
d ucing(|^gon^as at a pressure of 4 milli. T orr and sputter 
depositing tne copper into the trenches of the substrate. This 
aspect of the present invention provides an interconnection 
of copper having 0.1 ppm to 15 ppm dissolved carbon in the 
copper lattice. 

45 Incorporation of such carbon in the copper has been found 
to enhance electromigration resistance in electroplated 
copper, and to a lesser degree, in CVD copper. While not 
wishing to be bound by theory, it is believed that the 
enhanced electromigration resistance is due to incorporation 

5Q of carbon atoms at interstitial positions. Such interstitial 
carbon does not appreciably affect the copperas electrical 
properties but greatly influence its chemical and mechanical 
properties. 

It should be apparent that given the guidance and the 
55 illustrations set forth herein, alternate embodiments of the 
processes and structures of the present invention may be 
suggested to a skilled artisan. For example, it should be 
understood that the copper seed layer 8 is deposited for the 
purpose of electroplating copper in the next process step. If 
60 a choice is made to use CVD copper for layer 9, seed layer 
8 is not needed. Also, the pair of insulators could be 
organic/inorganic, organic/organic or inorganic/inorganic. 

It has also been found that in forming copper intercon- 
nections by damascene methods, the use of chemical vapor 
65 deposition to deposit the copper seed layer provides here- 
tofore unknown advantages as compared to use of physical 
vapor deposition (e.g., sputtering or evaporation) techniques 



02/12/2004, EAST Version: 1.4.1 



us 6,258,710 Bl 



11 



12 



at the typical 1100-2000 angstrom thicknesses employed in 
the prior art. The CVD copper seed layer deposited may 
have a thickness range of about 50-2000 angstroms, pref- 
erably in the range of about 100-700 angstroms. 
Alternatively, a PVD copper seed layer, when deposited at a 
thickness less than about 800 angstroms, preferably below 
about 600 angstroms, provides advantages over thicker prior 
art PVD copper seed layers. These advantages include 
higher electromigration resistance. When using the CVD 
copper seed layer or when using the PVD copper seed layer 
below 800 angstroms thickness, the copper layer which fills 
the trench may be deposited directly on the copper seed layer 
without the co pper intermetallic la yer in accordance with the 
present invention. Copper layer should be deposited by a 
process different than that used to deposit the seed layer. 

The interconnection of this aspect of the present invention 
is shown in FIGS. 7 and 8. As shown in FIG. 7 (which shows 
a portion of FIG. 2), after in-situ sputter cleaning wafers 
with the structure of FIG. 2, liner layers 5 and 6 are 
deposited in the same manner as previously described, with 
thermal dififtision layer 6 still being optional. However, 
instead of Hppngiting ^opp er inte rmetallic layer 7, seed layer 
8 may be deposited direcfly on imer layer 6, or if layer 6 is 
not present, directly on liner layer 5. If a CVD technique is 
employed, the seed layer thiclmess 8 is more preferably in 
the range of about 300 to 600 angstroms. If a PVD technique 
is employed, the copper seed layer is preferably less than 
about 600 angstroms, thick, more preferably about 200 to 
500 angstroms thick. Following copper seed layer 8, a 
remaining layer 9 of copper is electroplated to completely 
fill the trenches. The substrate wafers are then polished by 
chemical-mechanical methods to remove all excess metal 
from unpatterned areas, thereby resulting in the structure 
shown in FIG. 8. Such a structure may then provide sub- 
quarter-micron copper interconnections with improved elec- 
tromigration resistance and reduced defect sensitivity. 

While the present invention has been particularly 
described, in conjunction with a specific preferred 
embodiment, it is evident that many alternatives, modifica- 
tions and variations will be apparent to those skilled in the 
art in light of the foregoing description. It is therefore 
contemplated that the appended claims will embrace any 
such alternatives, modifications and variations as falling 
within the true scope and spirit of the present invention. 

Thus, having described the invention, what is claimed is: 

1. A method for forming multilevel interconnections of 
copper lines isolated from one another by dielectric insula- 
tion for making contacts to electrical features in a substrate, 
the method comprising the steps of: 

(a) preparing a substrate having a dielectric insulation 
layer to receive copper lines in a defined pattern; 

(b) optionally depositing a metallic liner in said pattern; 

(c) depositing in said pattern a layer of an element capable 
of forming an intermetallic compound with copper, 
wherein said element has less than two atomic percent 
solubility copper, and wherein the intermetallic form- 
ing element is selected from the group consisting of 
hafnium, lanthanum, tin and zirconium; 

(d) subsequently depositing in said pattem a chemical 
vapor deposition layer of copper; and 

(e) depositing over the chemical vapor deposition copper 
layer by a different process a layer of copper to sub- 
stantially fill said pattern; and 

(f) heating the substrate to react the intermetallic forming 
element with said layer of copper which substantially 
fills said pattern to form a layer of intermetallic com- 
pound. 
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2. The method of claim 1 wherein the chemical vapor 
deposition copper layer has a thickness of about 50 to 2000 
angstroms. 

3. The method of claim 1 wherein the chemical vapor 
deposition copper layer has a thickness of about 100 to 700 
angstroms. 

4. A method for forming multilevel interconnections of 
copper lines isolated from one another by dielectric insula- 
tion for making contacts to electrical features in a substrate, 
the method comprising the steps of: 

(a) preparing a substrate having a dielectric insulation 
layer to receive copper lines in a defined pattern; 

(b) optionally depositing a metallic liner in said pattern; 

(c) depositing in said pattem a layer of an element capable 
of forming an intermetallic compound with copper, 
wherein said element has less than two atomic percent 
solubility copper, and wherein the intermetallic form- 
ing element is selected from the group consisting of 
hafnium, lanthanum, tin and zirconium; 

(d) subsequently depositing in said pattern a physical 
vapor deposition layer of copper having a thickness of 
less than about 800 angstroms; and 

(e) depositing over the physical vapor deposition copper 
layer by a difEerent process a layer of copper to sub- 
stantially fill said pattern; and 

(f) heating the substrate to react the intermetallic forming 
element with said layer of copper which substantially 
fills said pattem to form a layer of intermetallic com- 
pound. 

5. The method of claim 4 wherein the physical vapor 
deposition is by copper sputtering. 

6. The method of claim 4 wherein the physical vapor 
deposition is by copper evaporation. 

7. The method of claim 4 wherein the physical vapor 
deposition copper layer has a thickness below about 600 
angstroms. 

8. A method for forming multilevel interconnections of 
copper lines isolated from one another by dielectric insula- 
tion for making contacts to electrical features in a substrate, 
the method comprising the steps of: 

(a) preparing a substrate having a dielectric insulation 
layer to receive copper lines in a defined pattern; 

(b) optionally depositing a metallic liner in said pattern; 

(c) depositing in said pattem a layer of an element capable 
of forming an intermetallic compound with copper, 
wherein said element has less than two atomic percent 
solubUity copper, and wherein the intermetallic form- 
ing element is selected from the group consisting of 
hafnium, lanthanum, tin and zirconium; 

(d) subsequently depositing in said pattern a seed layer of 
copper by chemical vapor deposition, wherein said 
seed layer has a thickness less than about 800 ang- 
stroms; 

(e) depositing over the copper seed layer by a different 
process a layer of copper to substantially fill said 
pattem; and 

(f) heating the substrate to react the intermetallic forming 
element with said layer of copper which substantially 
fills said pattern to form a layer of intermetallic com- 
pound. 

9. The method of claim 8 wherein the copper seed layer 
has a thickness less than about 600 angstroms. 
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2003:7484854 INSPEC DN A2003 -03-6855-010 ; B2003-02-2550F-018 

Effect of annealing on the microstructure of ultrathin tungsten nitride 

diffusion barriers for copper metallization. 

Hacker, M. ; Hubner, R, (Inst, for Solid State & Mater. Res., Dresden, 
Germany); Ecke, R. ; Schulz, S.; Engelmann, H.-J.; Stegmann, H. ; Hoffmann, 
v.; Mattern, N. ; Gessner, T.; Zschech, E. 

Microelectronic Engineering (Oct. 2002) vol.64, no. 1-4, p. 269-77. 7 refs. 

Doc. No.: 30167-9317(02)00799-2 

Published by: Elsevier 

Price: CCCC 0167-93 17/02/$22 . 00 

CODEN: MIENEF ISSN: 0167-9317 

SICI : 0167-9317 (200210) 64 : 1/4L . 269 : EAMU; 1-W 

Conference: European Workshop on Materials for Advanced Metallization 

2002. Vaals, Netherlands, 3-6 March 2002 

Conference Article; Journal 

Experimental 

Netherlands 

English 
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2002:7303655 INSPEC DN A2002- 15-7360D-004 ; B2002-08-2550F-005 

Control of the (111) orientation in copper interconnection Layer. 
Hara, T.; Sakata, K. ; Yoshida, Y. (Dept. of Electr. Eng., Hosei Univ., 
Tokyo, Japan) 

Electrochemical and Solid-State Letters (March 2002) vol.5, no. 3, p.C41-3. 
10 refs. 

Doc. No.: S1099-0062 (02) 00903-3 

Published by: Electrochem. Soc 

Price: CCCC 1099-0062/2002/5 (3 ) /4l/3/$7 . 00 

CODEN: ESLEF6 ISSN: 1099-0062 

SICI : 1099-0062 (200203 ) 5 : 3L . c41 : C (OC; 1- 1 

Journal 

Experimental 

United States 

English 
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2002:7252120 INSPEC 
Effect of the silicon 
multi-layer structure. 
Khin Maung Latt; Park, 
Singapore); Seng, H.L. 



DN A2002-11-8160C-034; B2002 - 06 -2550E- 023 
nitride passivation layer on the Cu/Ta/Si02/Si 



H.S. (Sch. of Mater, Eng., Nanyang Technol . Univ. 
; Osipowicz, T.; Lee, Y.K.; Li, S. 
Materials Science & Engineering B (Solid-State Materials for Advanced 
Technology) (7 March 2002) vol. 390, no. 1-2, p. 25-33. 31 ref s . 
Doc. No,: S0921-5107(01)00746-2 
Published by: Elsevier 
Price: CCCC 0921-5107/02/$22 . 00 
CODEN: MSBTEK ISSN: 0921-5107 

SICI : 0921-5107 (2 00203 07) B90 : 1/2L . 25 : ESNP; 1-3 

Journal 

Experimental 

Switzerland 

English 
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AN 2002:7222620 INSPEC DN B2002 - 05-2550F- 003 

TI Improved barrier and adhesion properties in sputtered TaSiN Layer for 

copper interconnects - 
AU Hara, T.; Yoshida, Y, ; Toida, H. (Dept. of Electr. Eng., Hosei Univ., 

Koganei, Japan) 

SO Electrochemical and Solid-State Letters (May 2002) vol.5, no. 5, p.G36-9. 
ref s . 

Doc. No.: S1099-0062 (02) 01605-X 

Published by: Electrochem. Soc 

Price: CCCC 1099-0062/2002/5 (5) /36/4/$7 . 00 

CODEN: ESLEF6 ISSN: 1099-0062 

SICI : 1099-0062 (200205 ) 5 : 5L , g36 : IBAP;l-0 
DT Journal 
TC Experimental 
CY United States 
LA English 
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AN 2002:7192737 INSPEC DN A2002-07-6822 -007 

TI Diffusion barrier properties of ionized metal plasma deposited tantalum 
nitride thin films between copper and silicon dioxide. 

AU Latt, K.M.; Lee, Y.K. (Sch. of Mater. Eng., Nanyang Technol. Univ., 
Singapore); Seng, H.L.; Osipowicz, T. 

SO Journal of Materials Science (15 Dec. 2001) vol.36, no. 24, p. 5845-51. 27 
ref s . 

Published by: Kluwer Academic Publishers 
Price: CCCC 0022 -246l/0l/$19 . 50 
CODEN: JMTSAS ISSN: 0022-2461 

SICI: 0022-2461 (20011215) 36 :24L. 5845 :DBPI; 1-7 
DT Journal 
TC Experimental 
CY United States 
LA English 
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TI Effect of substrate temperature on the physical properties of copper 

nitride films by r.f. reactive sputtering. 
AU Ghosh, S.; Singh, F,; Choudhary, D. ; Avasthi, D.K. (Nucl . Sci . Centre, New 

Delhi, India); Ganesan, V.; Shah, P, ; Gupta, A. 
SO Surface & Coatings Technology (July 2001) vol. 142-144, p. 1034-9. 21 ref s . 

Doc. No.: S0257-8972 (01) 01091-X 

Published by: Elsevier 

Price: CCCC 0257-8972/2001/$20. 00 

CODEN: SCTEEJ ISSN: 0257-8 972 

SICI : 0257-8972 (200107) 142/144L . 1034 : ESTP ; 1 -K 

Conference: 7th International Conference on Plasma Surface Engineering. 

Partenkirchen, Germany, . 17-21 Sept 2000 
DT Conference Article; Journal 
TC Experimental 
CY Switzerland 
LA English 
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AN 2001:7077492 INSPEC DN B2001 - 12 -2550F- 055 

TI Control of agglomeration on copper seed layer employed in the copper 

interconnection. 

AU Hara, T.; Sakata, K. ; Kawaguchi, A.; Kamijima, S. (Dept. of Electr, Eng., 

Hosei Univ., Tokyo, Japan) 
SO Electrochemical and Solid-State Letters (Nov. 2001) vol.4, no. 11, p.C81-4, 

9 refs. 

Doc. No.: S1099-0062 (01) 01311-6 

Published by: Electrochem. Soc 

Price: CCCC 1099-0062/2001/4 (11) /8l/4/$7 . 00 

CODEN: ESLEF6 ISSN: 1099-0062 

SICI : 1099-0062 (200111 ) 4 : IIL . c8 1 : CACS ; 1-7 
DT Journal 
TC Experimental 
CY United States 
LA English 
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AN 2001:6989269 INSPEC DN A2001-17-6822-009; B2001- 09-2550F-003 

TI The impact of layer thickness of IMP-deposited tantalum nitride films on 

integrity of Cu/TaN/Si02/Si multilayer structure. 
AU Khin Maung Latt; Lee, Y.K.; Li, S. (Sch. of Mater. Eng., Nanyang Technol . 

Inst., Singapore); Osipowicz, T.; Seng, H.L. 
SO Materials Science & Engineering B (Solid-State Materials for Advanced 

Technology) (20 July 2001) vol.B84, no. 3, p. 217-23. 28 refs. 

Doc. No.: S0921-5107 (01) 00618-3 

Published by: Elsevier 

Price: CCCC 0921-5107/200l/$20 . 00 

CODEN: MSBTEK ISSN: 0921-5107 

SICI : 0921-5107 (2 0010720 ) B84 : 3L . 217 : ILTD ; 1-E 

Conference: 8th NEC Symposium on Fundamental Approaches to New Material 
Phases: Spin-Related Quantum Transport in Mesoscopic Systems. Nasu, Japan, 
22-26 Oct 2000 

DT Conference Article; Journal 

TC Experimental 

CY Switzerland 

LA English 
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TI Properties of electroplated copper thin film and its interfacial 

reactions in the EPCu/IMPCu/IMPTaN/Si02/Si multilayer structure. 
AU Khin Maung Latt (Sch. of Mater. Eng., Nanyang Technol . Univ., Singapore) 

Kangsoo Lee; Osipowicz, T,; Lee, Y.K. 
SO Materials Science & Engineering B (Solid-State Materials for Advanced 

Technology) (21 June 2001) vol.B83, no. 1-3, p. 1-7. 29 refs. 

Doc. No.: S0921-5107 (00) 00544-4 

Published by: Elsevier 

Price: CCCC 0921-5107/200l/$20 . 00 

CODEN: MSBTEK ISSN: 0921-5107 

SICI : 0921-5107 (20010621 ) B83 : 1/3L . 1 : PECT ; 1 -Q 
DT Journal 
TC Experimental 
CY Switzerland 
LA English 
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1996:5382476 INSPEC DN A962 1 -6822 - 007 ; B9611-2550F-010 

Diffusion barrier property of molybdenum nitride films for copper 
metallization . 

Jeong-Youb Lee; Jong-Wan Park (Dept. of Metall. Eng., Hanyang Univ., 
Seoul, South Korea) 

Japanese Journal of Applied Physics, Part 1 (Regular Papers, Short Notes 
Review Papers) (Aug. 1996) vol.35, no. 8, p. 4280-4. 19 refs. 
Published by: Publication Office, Japanese Journal Appl . Phys 
ISSN: 0021-4922 

SICI : 0021-4 922 ( 199608 ) 35 : 8L . 4280 : DBPM; 1 -N 
Journal 

Practical; Experimental 

Japan 

English 
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1993:4460356 INSPEC DN A9318-8120J- 001 

Attrition and vibratory milling of Cu-TiN. 

Yeoh, A.; Schmerling, M. ; Marcus, H.L.; Eliezer, Z. (Center for Mater. 
Sci. & Eng., Texas Univ., Austin, TX, USA) 

Journal of Materials Science Letters (15 July 1993) vol.12, no. 14, 

p. 1095-8. 6 refs. 

CODEN: JMSLD5 ISSN: 0261-8028 

Journal 

Experimental 

United Kingdom 

English 
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